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© Light-emitting gallium nitride-based compound semiconductor device. 
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© A fight-emitting gaffium nitride-based compound 
semiconductor device of a double-heterostructure. 
The double-heterostructure (22) Includes a light- 
emitting layer (18) formed of a low-resistivity 
ln x Ga^ x N(0 < x < 1) compound semiconductor dop- 
ed with p-type and/or n-type impurity, A first clad 
layer (16) is joined to one surface of the light- 
emitting layer (18) and formed of an n-type gallium 
nitride-based compound semiconductor having a 
composition different from the light-emitting layer 
(18). A second clad layer (20) is joined to another 
surface of the fight-emitting fayer OB) and formed of 
a low-resistivity, p-type gallium nitride-based com- 
pound semiconductor having a composition different 
from the light-emitting layer (18). 
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vice and, more particularly, to a light-emitting com- 
pound semiconductor device having a double- 
heterostructure capable of emitting high-power visi- 
ble light ranging from near-ultraviolet to red, as 
desired, by changing the composition of a com- 
pound semiconductor constituting an active layer 
(light-emitting layer). 

Gallium nitride-based compound semiconduc- 
tors such as gallium nitride (GaN), gallium alu- 
minum nitride (GaAIN), indium gallium nitride (In- 
GaN), and indium aluminum gallium nitride (InAI- 
GaN) have a direct band gap, and their band gaps 
change in the range of 1.95 eV to 6 eV. For this 
reason, these compound semiconductors are prom- 
ising as materials for light-emitting devices such as 
a light-emitting diode and a laser diode. 

For example, as a light-emitting device using a 
gallium nitride semiconductor, a blue light-emitting 
device in which a homojunction structure is formed 
V on a substrate normally made of sapphire through 
an AIN buffer layer has been proposed. The homo- 
junction structure includes a light-emitting layer 
formed of p-type impurity-doped GaN on an n-type 
GaN layer. As the p-type impurity doped in the 
. light-emitting layer, magnesium or zinc is normally 
used. However, even when the p-type impurity is 
doped, the GaN crystal has a poor quality, and 
remains an Mype crystal having a high resistivity 
almost close to an insulator. That is, the conven- 
tional light-emitting device is substantially of a MIS 
structure. As a light-emitting device having the MIS 
structure, layered structures in which Si- and Zn- 
doped, i-type GaAIN layers (light-emitting layers) 
■ are formed on n-type CaAIN layers are disclosed in 
Jpn. Pat. Appln. KOKAI Publication Nos. 4-10665, 
4-10666, and 4-10667. 

However, in the light-emitting device having the 
MIS structure, both luminance and light-emitting 
output power are too low to be practical. 

In addition, the light-emitting device of a homo- 
junction is impractical because of the low power 
output by its nature. To obtain a practical light- 
emitting device having a large output power, it is 
required to realize a light-emitting device of a sin- 
gle-heterostructure, and more preferably, a double- 
heterostructure. 

However, no light-emitting semiconductor de- 
vices of a double-heterostructure are known, in 
which the double-heterostructure is entirely formed 
of low-resistivity gallium nitride-based compound 
semiconductors, and at the same time, has a light- 
emitting layer consisting of low-resistivity, impurity- 
doped InGaN. 

Jpn. Pat. Appln. KOKAI Publication Nos. 4- 
209577, 4-236477, and 4-236478 disclose a light- 
emitting device having a double-heterostructure in 



InGaAIN clad layer. However, the light-emitting lay- 
er is not doped with an impurity, and it is not 

5 disclosed or explicitly suggested that an impurity is 
doped into the light-emitting layer. In addition, the 
p-type clad layer is a high-resistivity layer in fact. A 
similar structure is disclosed in Jpn. Pat. Appln. 
KOKAI Publication No. 64-17484. 

70 Jpn. Pat. Appln. KOKAI Publication 4-213878 
discloses a structure in which an undoped InGaAIN 
light-emitting layer is formed on an electrically con- 
ductive ZnO substrate, and a high-resistivity InGaN 
layer is formed thereon. 

15 Jpn. Pat. Appln. KOKAI Publication No. 4- 

68579 discloses a double-heterostructure having a 
p-type GalnN clad layer formed on an oxygen- 
doped, n-type GalnN light-emitting layer. However, 
another clad layer consists of electrically conduc- 

20 tive ZnO. The oxygen is doped in the light-emitting 
layer to be lattice-matched with the ZnO. The 
emission wavelength of the light-emitting device 
having this double-heterostructure is 365 to 406 
nm. 

25 All conventional light-emitting devices are un- 

satisfactory in both output power and luminance, 
and have no satisfactory luminosity. 

It is ah object of the present invention to pro- 
vide a double-heterostructure in which all of the 

30 light-emitting layer (active layer) and the clad lay- 
ers are formed of low-resistivity gallium nitride- 
based lll-V Group compound semiconductors, 
thereby realizing a semiconductor device exhibiting 
an improved luminance and/or light-emitting output 

35 power. 

It is another object of the present invention to 
provide a light-emitting device excellent in luminos- 
ity. 

It is still another object of the present invention 
40 to provide an ultraviolet to red light-emitting device 
having a wavelength in the region of 365 to 620 
nm. 

According to the present invention, there is 
provided a light-emitting gallium nitride-based com- 
45 pound semiconductor device having a double- 
heterostructure comprising: 

a light-emitting layer (active layer) having first 
and second major surfaces and formed of a low- 
resistivity ln x Gai- x N (0 < x < 1) compound semi- 
so conductor doped with an impurity; 

a first clad layer joined to the first major sur- 
face of the light-emitting layer and formed of an n- 
type gallium nitride-based compound semiconduc- 
tor having a composition different from that of the 
55 compound semiconductor of the light-emitting lay- 
er; and 

a second clad layer joined to the second major 
surface of the light-emitting layer and formed of a 



ferent from that of the compound semiconductor of 
the light-emitting layer. 

In the first embodiment, the compound semi- 
conductor of the light-emitting layer (active layer) is 
of p-type, doped with a p-type impurity. 

in the second embodiment, the compound 
semiconductor of the light-emitting layer (active 
layer) remains an n-type, doped with at least a p- 
type impurity. 

In the third embodiment, the compound semi- 
conductor of the light-emitting layer (active layer) is 
of n-type, doped with an n-type impurity. 

In the present invention, the compound semi- 
conductor of the first clad layer is preferably repre- 
sented by the following formula: 

■GayAIi-yN(OS'yS 1) 

The compound semiconductor of the second clad 
layer is preferably represented by the following 
formula: 

Ga z AI T - 2 N (05 2 5 1) 

This invention can be more fully understood 
from the following detailed description when taken 
in conjunction with the accompanying drawings, in 
which: 

FIG. 1 is a view showing a basic structure of a 
semiconductor light-emitting diode of the 
present invention; 
. FIG. 2 is a graph showing a relationship be- 
tween the light intensity and the thickness of a 
light-emitting layer in the light-emitting semicon- 
ductor device of the present invention; 
FiG. 3 shows a photoluminescence spectrum of 
a low-resistivity, n-type ln x Gai- x N light-emitting 
layer according to the second embodiment of 
the present invention; 

FiG. 4 shows a photoluminescence spectrum of 
an undoped ln x Ga t - x N light-emitting layer; 
FIG. 5 is a graph showing a relationship be- 
tween a p-type impurity concentration in the 
light-emitting layer and the light intensity in the 
light-emitting semiconductor device according to 
the second embodiment of the present invent 
tion; 

FIG. 6 is a graph showing a relationship be- 
tween a p-type impurity concentration in a p- 
type clad layer and the light emission char- 
acteristics in the light-emitting semiconductor 
device according to the second embodiment of 
the present invention; 

FIG. 7 is a graph showing a relationship be- 
tween an electron carrier concentration in the 
light-emitting layer and the light emission char- 



the present invention; 

FIG. 8 is a graph showing the light emission 
5 characteristics of the light-emitting semiconduc- 
tor device according to the second embodiment 
of the present invention; 

FIG. 9 is a graph showing a relationship be- 
tween an n-type impurity concentration in a 
w light-emitting layer and the light emission char- 
acteristics in a light-emitting semiconductor de- 
vice according to the third embodiment of the 
present invention; 

FIG. 10 is a graph showing a relationship be- 
75 tween a p-type impurity concentration in a p- 
type clad layer and .the light emission char- 
acteristics in the light-emitting semiconductor 
device according to the third embodiment of the 
present invention; 
20 FIG. 11 shows a structure of still another light- 
emitting diode according to the present inven- 
tion; and 

FIG. 12 is a view showing a structure of a laser 
diode of the present invention. 

25 The present invention provides a double- 
heterostructure in which all of the light-emitting 
layer and clad layers sandwiching the light-emitting 
layer are formed of low-resistivity gallium nitride- 
based lil-V Group compound semiconductors, and 

30 at the same time, the light-emitting layer is formed 
of an impurity-doped, low-resistivity ln x Gai- x N 
compound semiconductor, thereby realizing a visi- 
ble light emitting semiconductor device which is 
excellent in output power, luminance, and luminos- 

35 ity, for the first time. 

The semiconductor device of the present in- 
vention includes a light-emitting diode (LED) and a 
laser diode (LD). 

The present invention will be described below 

40 in' detail with reference to the accompanying draw- 
ings. The same reference numerals denote the 
same parts throughout the drawings. 

FJG. 1 shows a basic structure of an LED to 
which the. present invention is applied. As shown in 

45 FIG. 1, an LED 10 of the present invention has a 
double-heterostructure 22 comprising a light-emit- 
ting layer (active layer) 18 formed of impurity- 
doped, low-resistivity (LR) InxGai-xN, a first clad 
layer 16 joined to the lower surface (first major 

so surface) of the light-emitting layer 18 and formed of 
an n-type, low-resistivity GaN-based lll-V Group 
compound semiconductor, and a second clad layer 
20 joined to the upper surface (second major sur- 
face) of the light-emitting layer 18 and formed of a 

55 p-type, low-resistivity GaN-based lil-V Group com- 
pound semiconductor. I^Ga^N of the light-emit- 
ting layer 18 is a gallium nitride-based Hl-V Group 
compound semiconductor. 
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Because or me aouuie-neierosirucauro, mo 
compound semiconductor composition (except for 
impurities) of the first clad layer 16 is different from 
that of the light-emitting layer 18. The compound 
semiconductor composition of the second clad lay- 
er 20 is also different from that of the light-emitting 
layer 18. The compound semiconductor composi- 
tions of the clad layers 16 and 20 may be the 
same or different. 

The present inventors have made extensive 
studies on the light-emitting device having all gal- 
lium nitride-based lll-V Group compound semicon- 
ductor double-heterostructure having high light 
emission characteristics, and found that when the 
light-emitting layer is formed of ln x Ga!- x N t and the 
ratio x of indium (In) is changed within the range of 
0 < x < 1, a light-emitting device capable of 
emitting visible light ranging from near-ultraviolet to 
red can be obtained. The present inventors have 
also found that, when an impurity is doped in 
Jn x Ga,- x N and ln x Gai- x N has a low resistivity, a 
light-emitting device having improved light emis- 
sion characteristics, especially a high output power, 
a high luminance, and a high luminosity could be 
obtained. 

In the light-emitting device of the present in- 
vention, when the value of x in ln x Gat- K N of the 
light-emitting layer is close to 0, the device emits 
ultraviolet light. When the value of x increases, the 
emission fails in the longer-wavelength region. 
When the value of x is close to 1, the device emits 
red light. When the value of x is in the range of 0 < 
x < 0.5, the light-emitting device of the present 
invention emits blue to yellow light in the 
wavelength range of 450 to 550 nm. 

In the present invention, an impurity (also 
called as a dopant) means a p- or n-type impurity, 
or both of them. In the present invention, the p- 
type impurity includes Group II elements such as 
cadmium, zinc, beryllium, magnesium, calcium, 
strontium, and barium. As the p-type impurity, zinc 
is especially preferable. The n-type impurity in- 
cludes Group IV elements such as silicon, germa- 
nium and tin, and Group VI elements such as 
selenium, tellurium and sulfur. 

In the present invention, "low-resistivity H ' 
means, when referred to a p-type compound semi- 
conductor, that the p-type compound semiconduc- 
tor has a resistivity of 1 x 10 5 fl.cm or less, and 
when referred to an n-type compound semiconduc- 
tor, that the n-type compound semiconductor has a 
resistivity of 10 n.cm or less. 

Therefore, in the present invention, ln x Ga,- x N 
of the light-emitting layer 18 includes a low-resistiv- 
ity, p-type ln x Gai- x N doped with a p-type impurity 
(the first embodiment to be described below in 
detail), a low-resistivity, n-type ln x Ga,- x N doped 
with at least a p-type impurity (the second embodi- 



ment lu uu ue^uiuuu uoiuvy in uoiau;, \j\ ctu n-iypt) 

ln x Gai- x N doped with an n-type impurity (the third 
embodiment to be described below in detail). 

In the present invention, the first clad layer 16 

s is formed of a low-resistivity n-type gallium nitride- 
based lll-V Group compound semiconductor. Al- 
though the n-type gallium nitride-based lll-V Group 
compound semiconductor tends to be of an n-type 
even when undoped, it is preferable to dope an n- 

70 type impurity therein and positively make an n-type 
compound semiconductor. The compound semi- 
conductor forming the first clad layer 16 is prefer- 
ably represented by the following formula: 

75 GayAl,- y N (0£ y £ 1) 

In the present invention, the second clad layer 
20 is formed of a low-resistivity, p-type gallium 
nitride-based lll-V Group compound semiconductor 
20 doped with a p-type impurity. The compound semi- 
conductor is preferably represented by the follow- 
ing formula: 

Ga 2 At 1 _ 2 N (0 5 z £ 1) 

25 

The first, n-type clad layer 16 normally has a 
thickness of 0.05 to 10 urn, and preferably has a 
thickness of 0.1 to 4 urn. An n-type gallium nitride- 
based compound semiconductor having a thick- 
30 ness of less than 0.05 tends not to function as a 
clad layer. On the other hand, when the thickness 
exceeds 10 urn, cracks tend to form in the layer: 

The second, p-type clad layer 20 normally has 
a thickness of 0.05 to 1 .5 urn, and preferably has a 
35 thickness of 0.1 to 1 urn. A p-type gallium nitride- 
based compound semiconductor layer having a 
thickness less than 0.05 um tends to be hard to 
function as a clad layer. On the other hand, when 
the thickness of the layer exceeds 1.5 um, the 
40 layer tends to be difficult to be converted into a 
low-resistivity layer. 

In the present invention, the light-emitting layer 
18 preferably has a thickness within a range such 
that the light-emitting device of the present inven- 
ts tion provides a practical relative light intensity of 
90% or more. In more detail, the light-emitting 
layer 18 preferably has a thickness of 10A to 0,5 
um, and more preferably 0.01 to 0.2 um. FIG. 2 is 
a graph showing a measurement result of the rela- 
50 tive light intensities of blue light-emitting diodes 
each having the structure shown in FIG. 1. Each 
blue light-emitting diode was prepared by forming 
the light-emitting layer 18 made of low-resistivity 
ln 0> ,Gao. g N while changing the thickness. As is ap- 
55 parent from FIG. 2, when the thickness of the 
ln x Ga,- x N light-emitting layer is 10A to 0.5 um. the 
semiconductor device exhibits a practical relative 
light intensity of 90% or more. The almost same 



light intensity was obtained for the low-resistivity p- 
type ln x Ga,- x N doped with a p-type impurity, the 
low-resistivity, n-type I^Ga^N doped with at least 
a p-type impurity, and the n-type ln x Gai- x N doped 
with an n-type impurity. 

Referring back to FIG. 1, the double- 
heterostructure is normally formed on a substrate 
12 through an undoped buffer layer 14. 

In the present invention, the substrate 12 can 
normally be formed of a material such as sapphire, 
silicon carbide (SiC). or zinc oxide (ZnO), and is 
most normally formed of sapphire. 

In the present invention, the buffer layer 14 can 
be formed of AIN or a gallium nitride-based com- 
pound semiconductor. The buffer layer 14 is pref- 
erably formed of Ga m Aii« m N (0 < m S 1). The 
Ga m AIi- m N allows the formation of a gallium 
nitride-based compound semiconductor (first clad 
layer 16) having a better crystallinity thereon than 
on AiN. As is disclosed in United States Patent 
Application Serial No. (USSN) 07/826,997 filed on 
January 28, 1992 by Shuji NAKAMURA and as- 
signed to the same assignee, the Ga m A*i-mN buff- 
er layer is preferably formed at a relatively low 
temperature of 200 to 900 *C, and preferably 400 
to 800 *C by the metalorganic chemical vapor de- 
position (MOCVD) method. The buffer layer 14 
preferably has substantially the same semiconduc- 
tor composition as the first clad layer 16 to be 
formed thereon. 

In the present invention, the buffer layer 14 
normally has a thickness of 0.002 urn to 0.5 urn. 

In the present invention, the first clad layer 16, 
the light-emitting layer 18, and the second clad 
layer 20, all of which constitute the double- 
heterostructure, can be formed by any suitable 
method. These layers are preferably sequentially 
formed on the buffer layer 14 by the MOCVD. The 
gallium source which can be used for the MOCVD 
includes trimethylgallium and triethylgallium. The 
indium source includes trimethylindium and 
triethylindium. The aluminum source includes 
trimethylaiiminum and triethylaluminum. The nitro- 
gen source includes ammonia and hydrazine. The 
p-type dopant source includes Group II compounds 
such • as diethylcadmium, dimethylcadmium, 
cyclopentadienylmagnesium, and diethylzinc. The 
n-type dopant source includes Group IV com- 
pounds such as silane, and Group VI compounds 
such as hydrogen sulfide and hydrogen selenide. 

The gallium nitride-based lll-V Group com- 
, pound semiconductor can be grown in the pres- 
ence of the p-type impurity source and/or the n- 
type impurity source by using the above gas 
source at a temperature of 600 - C or more, and 
normally 1,200 *C or less. As a carrier gas, hy- 
drogen, nitrogen or the like can be used. 



III-V Group compound semiconductor doped with a 
p-type impurity tends to exhibit a high resistivity 
and have no p-type characteristics (that is, it is not 

5 a low-resistivity semiconductor) even if the com- 
pound semiconductor contains the p-type impurity. 
Therefore, as is disclosed in USSN 07/970,145 filed 
on November 2. 1992 by Shuji NAKAMURA, 
Naruhito I WAS A., and Masayuki SENOH and as- 

70 signed to the same assignee, the grown compound 
semiconductor is preferably annealed at a tempera- 
ture of 400 # C or more, and preferably 600 *C or 
more, for preferably one to 20 minutes or more, or 
the compound semiconductor layer is preferably 

15 irradiated with an electron beam while kept heated 
to a temperature of 600 «C or more. When the 
compound semiconductor is annealed at such a 
high temperature that the compound semiconduc- 
tor may be decomposed, annealing is preferably 

20 performed in a compressed nitrogen atmosphere to 
prevent the decomposition of the compound semi- 
conductor. 

When annealing is performed, a p-type impu- 
rity in a form bonded with hydrogen, such as Mg-H 
25 and Zn-H, is released from the bonds with the 
hydrogen thermally, and the released hydrogen is 
discharged from the semiconductor layer. As a 
result, the doped p-type impurity appropriately 
functions as an acceptor to convert the high-re- 
30 sistivity semiconductor into a low-resistivity p-type 
semiconductor. Preferably, the annealing atmo- 
sphere does not therefore contain a gas containing 
hydrogen atoms (e.g., ammonia or hydrogen). Pre- 
ferred examples of an annealing atmosphere in- 
35 eludes nitrogen and argon atmospheres. A nitrogen 
atmosphere is most preferable. 

After the double-heterostructure is formed, as 
shown in FIG. 1, the second clad layer 20 and the 
light-emitting layer 18 are partially etched away to 
40 expose the first clad layer 16. An n-electrode 24 is 
formed on the exposed surface, while a p-electrode 
26 is formed on the surface of the first clad layer 
20. The electrodes 24 and 26 are preferably heat- 
treated to achieve ohmic contact to the semicon- 
45 ductor layers. Above-described annealing may be 
achieved by this heat treatment. 

The present invention has been generally de- 
scribed above. The first, second, and third embodi- 
ments will be individually described below. It 
so should be understood that unique points of the 
respective embodiments will be particularly pointed 
out and explained, and the above general descrip- 
tion will be applied to these embodiments unless 
otherwise specified, in the following description. 
55 In the first embodiment of the present inven- 

tion, low-resistivity ln x Ga,_ x N constituting the light- 
emitting layer 18 of the double-heterojunction 
structure shown in FIG. 1 is of p-type, doped with a 



/stallinity and obtain a blue to yellow light-emit- 
g device excellent in the luminosity. 

In the first embodiment, the concentration of 
3 p-type impurity doped in ln x Gai- x N of the light- 
fitting layer 18 should be higher than the elec- 
>n carrier concentration of a particular, corre- 
onding undoped ln x Gai- x N (The electron carrier 
ncentration of an undoped InGaN varies within a 
nge of about 10 17 /cm 3 to 1 x lO^/cm 3 , depend- 
g on a particular growth condition used). Subject 
this condition, the p-type impurity concentration 
preferably about l0 ,7 /cm 3 to 1 x K^Vcm 3 from 
e viewpoint of light emission characteristics of the 
jvice. The most preferable p-type impurity is 
ic. As described above, the p-type impurity-dop- 
j InGaN can be converted into a low-resistivity 
GaN by annealing (preferred) or radiating the 
ectron beam. 

In the second embodiment of the present in- 
jntion, the low-resistivity InxGa^xN constituting 
e light-emitting layer 18 of the structure shown in 
G. 1 is of n-type, doped with at least a p-type 
ipurity. Condition 0 < x £ 0.5 is preferable to 
ovide the light-emitting layer having a good 
ystallinity and obtain a blue to yellow light-emit- 
ig device excellent in the luminosity. In the sec- 
id embodiment, the light-emitting layer should be 
jbjected to the annealing treatment described 
oove, since it contains a p-type impurity. . 

In the second embodiment, when only a p-type 
npurity is doped in ln x Gai-xN layer 18, the con- 
entration of the p-type impurity should be lower 
lan the electron concentration of a corresponding 
ndoped InxGa^xN. Subject to this condition, the 
-type impurity concentration is preferably 1 x 
y ,s /cm 3 to 1 x ICF/cm 3 from the viewpoint of the 
ght-emitting characteristics of the device. Espe- 
ally, when zinc is doped as the p-type impurity at 
concentration of 1 x 10 1? /cm 3 to 1 x 10 21 /cm 3 , 
nd especially 1 x 10 18 /cm 3 to 1 x 10 20 /cm 3 , the 
jminosity of the light-emitting device can be fur- 
ler improved and the luminous efficacy can be 
jrther increased. 

In the second embodiment, the second clad 
lyer 20 is as described above. However, when 
lagnesium is doped as the p-type impurity at a 
oncentration of 1 x 10^/cm 3 to 1 x 10 2l /cm 3 , the 
jminous efficacy of the light-emitting layer 18 can 
e further increased. 

FIG. 3 is a diagram of the photoluminescence 
pectrum of a wafer irradiated with a 10-mW laser 
earn from an He-Cd laser. The wafer was pre- 
ared such that a low-resistivity lno.14Gao.86N layer 
oped with cadmium (p-type impurity) was formed, 
ccording to the second- embodiment, on a GaN 
ayer formed on a sapphire substrate. FIG. 4 is a 



t^aioi yiopaiou luuuwiiiy uiu 5>amt* fjiuteaures ex- 
cept that the Ino. 14 GaG. 86 N layer was not doped with 
cadmium (undoped). 

s As can be apparent from FIG. 3, the p-type 

impurity-doped, low-resistivity lno.i 4 Gaa.8 6 N layer of 
the present invention exhibits strong blue light 
emission near 480 nm. As can be apparent from 
FIG. 4, undoped lno.14Gao.8eN layer not doped with 

10 a p-type impurity exhibits violet light emission near 
400 nm. The same results as in FIG. 3 were 
obtained when zinc, beryllium, magnesium, cal- 
cium, strontium, and/or barium was doped, instead 
of Cd, according to the present invention. Thus. 

15 . when the p-type impurity is doped in InGaN ac- 
cording to the present invention, the luminosity is 
improved. 

When the p-type impurity is doped in InGaN, 
the photoluminescence intensity can be greatly in- 

20 creased as compared to the undoped InGaN. In the 
device relating to FIG. 3, blue luminescence cen- 
ters are formed in the InGaN by the p-type impu- 
rity, thereby increasing the blue luminescence in- 
tensity. FIG. 3 shows this phenomenon. In FIG. 3, a 

25 low peak appearing near 400 nm is the inter-band 
emission peak of the undoped lno.14Gao.85N and 
corresponds to the peak in FIG. 4. Therefore, in the 
case of FIG. 3, the luminous intensity is increased 
by 20 times or more as compared to FIG. 4. 

30 FIG. 5 is a graph obtained by measuring and 

plotting the relative light intensities and the Zn 
concentrations of blue light-emitting devices each 
having the structure of FIG. 1. Each device was 
prepared such that the concentration of the p-type 

35 impurity Mg of the second clad layer 20 was kept 
at 1 x lO^/cm 3 , while changing the Zn concentra- 
tion of the p-type impurity Zn-doped ln 0 .iGao.gN of 
the light-emitting layer 18. As shown in FIG. 5, the 
light-emitting device exhibits a practical relative 

40 intensity of 90% or more in the Zn concentration 
range of 1 x 10 l7 /cm 3 to 1 x I0 21 /cm 3 and the 
highest relative light intensity (almost 100%) in the 
Zn concentration range of 1. x. 10 18 /cm 3 to 1 x 
10 20 /cm 3 . 

45 FIG. 6 is a graph obtained by measuring and 

plotting the relative light intensities and the Mg 
concentrations of blue light-emitting devices each 
having the structure of FIG. 1. Each device was 
prepared such that the Zn concentration of the p- 

50 type impurity Zn-doped ln 0 .iGao. g N of the light- 
emitting layer 18 was kept at 1 x lO^/cm 3 , while 
changing the concentration of the p-type impurity 
Mg of the second clad layer 20. As shown in FIG. 
6, the light intensity of the light-emitting device 

55 tends to rapidly increase when the Mg concentra- 
tion of the clad layer 20 exceeds 1 x 10 17 /cm 3 , and 
the light intensity tends to rapidly decrease when 
the Mg concentration exceeds 1 x lO^/cm 3 . FIG. 6 



a practical relative intensity ot »U7o or more ^al- 
most 100%) when the p-type impurity concentra- 
tion of the second clad layer 20 is in the range of 1 
x 10 18 /cm 3 to 1 x 10 21 /cm 3 . In FIGS. 5 and 6, the 
impurity concentrations were measured by a sec- 
ondary ion mass spectrometer (SIMS). 

It is found that, more strictly, the electron car- 
rier concentration in the ln x Gai- x N layer is prefer- 
ably in the range of 1 x 10 l7 /cm 3 to 5 x 10 21 /cm 3 
when at least a p-type impurity is doped in 
ln x Ga,- x N to form an n-type InxGaT-xN light-emit- 
ting layer having a low resistivity of 10 n.cm or 
less. The electron carrier concentration can be 
measured by Hall effects measurements. When the 
electron carrier concentration exceeds 5 x 
lO^/cm 3 , it is difficult to obtain a light-emitting 
device exhibiting a practical output power. The 
electron carrier concentration is inversely propor- 
tional to the resistivity. When the electron carrier 
concentration is less than 1 x 10 16 /cm 3 t InGaN 
tends to be high-resistivity i-type InGaN, and the 
electron carrier concentration cannot be measured. 
The impurity to be doped may be only a p-type 
impurity, or both p-and n-type impurities. More 
preferably, both p- and n-type impurities are dop- 
ed. In this case, zinc as the p-type impurity and 
silicon as the n-type impurity are preferably used. 
Each of zinc and silicon is preferably doped at a 
concentration of 1 x 10 17 /cm 3 to 1 x lO^/cm 3 . 
When the concentration of zinc is lower than that of 
silicon, InGaN can be converted into preferable n- 
type InGaN. 

When InGaN not doped with an impurity is 
grown, nitrogen lattice vacancies are created to 
provide n-type InGaN. The residual electron carrier 
concentration of this undoped n-type InGaN is 
about 1 x 10 l7 /cm 3 to 1 x lO^/cm 3 depending on 
a growth condition used. By doping a p-type impu- 
rity serving as a luminescence center in the un- 
doped n-type InGaN layer, the electron carrier con- 
centration in the n-type InGaN layer is decreased. 
Therefore, when the p-type impurity is doped in 
InGaN such that the electron carrier concentration 
is excessively decreased, n-type InGaN is con- 
verted into high-resistivity i-type InGaN. When the 
electron carrier concentration is adjusted to fall 
within the above range according to the present 
invention, the output power is increased. This in- 
dicates that the p-type impurity serving as the 
luminescence center performs emission by forming 
donor-acceptor (D-A) light-emitting pairs with the 
donor impurity. The detailed mechanism has not 
been clarified yet. However, it is found that, in the 
n-type InGaN in which both donor impurity (e.g., 
the n-type impurity or nitrogen lattice vacancy) for 
making some electron carriers and the p-type im- 
purity serving as an acceptor impurity are present, 



cence centers js apparently increased. Since an 
increase in the number of light-emitting pairs at- 
tributes to an increase in light intensity as de- 
5 scribed, not only p-type impurity but also n-type 
impurity is preferably doped in InGaN. More spe- 
cifically, when the n-type impurity (especially sili- 
con) is doped in InGaN doped with the p-type 
impurity (especially zinc), the donor concentration 
10 is increased, and at the same time, a constant 
donor concentration with good reproducibility can 
be obtained, unlike in undoped InGaN in which the 
electron carrier concentration varies depending on 
the growth condition as described above, and in 
75 which the donor concentration having a constant 
residual concentration with good reproducibility is 
hardly obtained. In fact, it is found that, by doping 
silicon, the electron carrier concentration is in- 
creased from about 1 x 10 l8 /cm 3 to 2 x 10 19 /cm 3 
20 by one figure, and the donor concentration is thus 
increased. Therefore, the amount of zinc to be 
doped can be increased by the increased amount 
of the donor concentration, and accordingly, the 
number of D-A light-emitting pairs can be in- 
25 creased, thereby increasing the light intensity. 

FIG. 7 is a graph obtained by measuring and 
plotting the relative output powers of blue lights 
emitting diodes and the electron carrier concentra- 
tions in the InGaN layers (measured by Hall effects 
30 measurements after growth of the InGaN layer). 
The blue light-emitting diode was prepared such 
that an Si-doped n-type GaN layer was grown on 
the sapphire substrate, a Zn-doped n-type 
lno.15Gao.85N layer was grown thereon while chang- 
es ing the Zn concentration, and an Mg-doped p-type 
GaN layer was grown. The points in FIG. 7 cor- 
respond to electron carrier concentrations of 1 x 
10 t5 , 1 x 10 t7 ( 4 x 10 17 , 1 x 10 18 , 1 x 10 19 , 4 x 
10 ,9 f 1 x 10 20 , 3 x 10» 1 x 10 2 \ and 5 x 
40 102Vcm 3 from the left, respectively. 

As shown in FIG. 7, the output power of the 
light-emitting device changes depending on the 
electron carrier concentration in the n-type InGaN 
light-emitting layer. The output power starts to rap- 
45 idly increase at an electron carrier concentration of 
about 1 x 10 15 /cm 3 , reaches the maximum levef at 
about 1 x 10 19 /cm 3 , slowly decreases until 5 x 
10 2 Vcm 3 , and rapidly decreases when the electron 
carrier concentration exceeds that point. As is ap- 
50 parent from FIG. 7, when the electron carrier con- 
centration in the n-type InGaN layer is in the range 
of 1 x 10 ,7 /cm 3 to 5 x lO^/cm 3 , the light-emitting 
device exhibits an excellent output power. 

FIG. 8 shows the light intensity when a laser 
55 beam from an He-Cd laser was radiated on the n- 
type lno.15Gao.85N layer doped with only zinc at a 
concentration of 1 x 10 l8 /cm 3 , and the n-type 
lno.15Gao.85N layer doped with zinc and silicon at 



espoouvtfiy, «" «u inw pnuiuiummusueriLft was mea- 
sured at room temperature. The measurement re- 
sult about the n-type lno.15Gao.85N layer doped with 
?nly zinc is represented by a curve a, and the 
measurement result about the n-type lno.t5Gao.85N 
ayer doped with zine and silicon is represented by 
1 curve b (in the curve b, measured intensity is 
educed to 1/20). Although the both InGaN layers 
exhibit the major light-emitting peaks at 490 nm, 
he n-type InGaN layer doped with both zinc and 
silicon exhibits a light intensity ten times or more 
hat of the n-type InGaN layer doped with only 
sine. 

In the third embodiment of the present inven- 
tion, low-resistivity I^Ga^N constituting the light- 
emitting layer 18 of the structure of FIG. 1 is of n- 
type, doped with only an n-type impurity. Condition 
0 < x £ 0.5 is preferable to provide a light-emitting 
ayer semiconductor having a good crystallinity and 
obtain a blue light-emitting device excellent in the 
luminosity. 

In the third, embodiment, the n-type impurity 
doped in 1n x Gai- x N of the light-emitting layer 18 is 
preferably silicon (Si). The concentration of the n- 
type impurity is preferably 1 x 10 ,7 /cm 3 to 1 x 
10 2 Vcm 3 from the viewpoint of the light emission 
characteristics, and more preferably 1 x 10 18 /cm 3 
to 1 x lO^/cm 3 . 

In the third embodiment, as in the second 
embodiment, the second clad layer 20 is as al- 
ready described above. However, when magne- 
sium is used as the p-type impurity, and is doped 
at a concentration of 1 x l0 18 /cm 3 to 1 x I0 21 /cm 3 , 
the luminous efficacy of the light-emitting layer 18 
can be further increased. 

FIG. 9 is a graph obtained by measuring and 
plotting the relative light intensities and the Si con- 
centrations of blue light-emitting devices each hav- 
ing the structure olFlG. 1. Each device was pre- 
pared such that the concentration of the p-type 
impurity Mg of the second clad layer 20 was kept 
at 1 x I0 19 /cm 3 , while changing the Si concentra- 
tion of the n-type impurity Si-doped lno.iGa 0 .gN of 
the light-emitting layer 18. As shown in FIG. 9, the 
light-emitting device exhibits a practical relative 
intensity of 90% or more in the Si concentration 
range of 1 x 10 17 /cm 3 to 1 x 10 21 /cm 3 , and the 
highest relative light intensity (almost 100%) in the 
Si concentration range of 1 x 10 l8 /cm 3 to 1 x 
lO^/cm 3 . 

FIG. 10 is a graph obtained by measuring and 
plotting the relative light intensities and the Mg 
concentrations of blue light-emitting devices each 
having the structure of FIG. 1. Each device was 
prepared such that the Si concentration of the n- 
type impurity Si-doped in 0 .iGao. 9 N of the light-emit- 
ting layer 18 was kept at 1 x 10 l3 /cm 3 , while 



ivig or xne s cona ciaa layer zu. As shown in FIG. 
10, the light intensity of the light-emitting device 
tends to rapidly increase when the Mg concentra- 

5 tion of the second p-type clad layer 20 exceeds 1 
x 10 17 /cm 3 , and to rapidly decrease when the Mg 
concentration exceeds 1 x 10 21 /cm 3 . FIG. 10 
shows that the light-emitting device exhibits a prac- 
tical relative intensity of 90% or more (almost 

10 100%) when the p-type impurity concentration of 
the second clad layer 20 is in the range of 1 x 
10 18 /cm 3 to 1 x 102Vcm 3 . In FIGS. 9 and 10, the 
impurity concentrations were measured by the 
SIMS. 

75 In the third embodiment, the light-emitting de- 
vice having the double-heterostructure of the 
present invention uses inter-band emission of the 
n-type InGaN layer. For this reason, the half width 
of the emission peak is as narrow as about 25 nm, 

20 which is 1/2 or less that of the conventional homo- 
junction diode. In addition, the device of the 
present invention exhibits an output power four 
times or more that of the homojunction diode. 
Further, when the value of x of ln x Gat- x N is 

25 changed in the range of 0.02 < x < 0.5, emission 
within the wavelength region of about 380 nm to 
500 nm can be obtained as desired. 

FIG. 11 show a structure of a more practical 
light-emitting diode 30 having a double-heterostruc- 

30 ture of the present invention. 

The light-emitting diode 30 a double- 
heterostructure 22 constituted by an impurity-dop- 
ed InxGa^xN light-emitting layer 18, and two clad 
layers sandwiching the light-emitting layer 18, i.e., 

35 an n-type gallium nitide-based compound semicon- 
ductor layer 16 and a p-type gallium nitride-based 
compound semiconductor layer 20, as described 
above in detail. 

A buffer layer 14 described above in detail is 

40 formed on a substrate 20 described above in detail. 
An n-type GaN layer 32 is formed on the buffer 
layer 14 to a thickness of, for example, 4 to 5 urn, 
and provides a contact layer for an n-electrode 
which is described below. The n-type contact layer 

45 .32 allows the formation of a clad layer 16 having a 
better crystallinity, and can establish a better ohmic 
contact with the n-electrode. 

The double-heterostructure 22 is provided on 
the n-type contact layer 32, with the clad layer 16 

50 joined to the contact layer 32. 

A p-type GaN contact layer 34 is formed on 
the clad layer 20 to a thickness of, for example, 
500A to 2 urn. The contact layer 34 establishes a 
better ohmic contact with a p-electrode described 

55 below, and increases the luminous efficacy of the 
device. 

The p-type contact layer 34 and the double- 
heterostructure 22 are partially etched away to 



A p-alectrode is provided on the p-type contact 
layer 34, and an n-eiectrode is provided on the 
exposed surface of the n-type contact layer 32. 

The light-emitting diodes embodying the 
present invention have been described above. 
However, the present invention should not be limit- 
ed to these embodiments. The present invention 
encompasses various types of light-emitting de- 
vices including a laser diode, so far as those de- 
vices have the double-heterostructures of the 
present invention. 

FIG. 12 shows a structure of a laser diode 40 
having a double-heterostructure of the present in- 
vention. 

The laser diode 40 has a double-heterostruc- 
ture constituted by an impurity-doped ln x Ga!- x N 
active layer 18 described above in detail in associ- 
ation with the light-emitting diode, and two clad 
layers sandwiching the active layer 18, i.e.. an n- 
type gallium nitride-based compound semiconduc- 
tor layer 16 and a p-type gallium nitride-based 
compound semiconductor layer 20, as described 
above. A buffer layer 14 described above in detail 
is formed on a substrate 12 described above in 
detail. An n-type gallium nitride layer 42 is formed 
on the buffer layer 1 4, providing a contact layer for 
an n-electrode described below. 

The double-heterostructure 22 is provided on 
the n-type gallium nitride contact layer 42, with the 
clad layer joined to the contact layer 42. 

A p-type GaN contact layer 44 is formed on 
the clad layer 20. 

The p-type contact layer 44. the double 
heterostructure 22 and part of the n-type contact 
layer 42 are etched away to provide a protruding 
structure as shown. A p-electrode is formed on the 
p-type contact layer 44. A pair of n-electrodes 24a 
and 24b are formed on the n-type GaN layer 42 to 
oppose each other, with the protruding structure 
intervening therebetween. 

For example, the substrate 12 is a sapphire 
substrate having a thickness of 100 urn, the buffer 
layer 14 is a GaN buffer layer having a thickness of 
0.02 urn, and the n-type GaN contact layer 42 has 
a thickness of 4 urn. The first clad layer 16 is an n- 
type GaAIN clad layer having a thickness of 0.1 
urn, the second clad layer 20 is a p-type GaAIN 
clad layer having a thickness of 0,1 um, and the 
active layer 18 is an n-type layer doped with silicon 
or germanium. The p-type GaN contact layer 44 
has a thickness of 0.3 um. 

The present invention will be described below 
with reference to the following examples. In the 
examples below, a compound semiconductor was 
grown by the MOCVD method. An MOCVD appara- 
tus used is a conventional MOCVD apparatus hav- 
ing a structure in which a susceptor for mounting a 



and raw material gases can be supplied together 
with a carrier gas toward a substrate while the 
substrate is heated, thereby growing a compound 
s semiconductor on the substrate. 

Example 1 

Cleaning of Substrate : 

w 

First, a sapphire substrate sufficiently washed 
was mounted on a susceptor in an MOCVD reac- 
tion vessel, and the atmosphere in the reaction 
vessel was sufficiently substituted with hydrogen. 
75 Subsequently, while hydrogen was flown, the sub- 
strate was heated to 1,050 # C, and this temperature 
was held for 20 minutes, thereby cleaning the 
sapphire substrate. 

20 Growth of Buffer Layer : 

The substrate was then cooled down to 510*C. 
While the substrate temperature was kept at 
510 *C, ammonia (NH3) as a nitrogen source, 

25 trimethylgallium (TMG) as a gallium source, and 
hydrogen as a carrier gas were kept supplied at 
flow rates of 4 liters (L)/min, 27 x 10" G mol/min, 
and 2 L/min, respectively, toward the surface of the 
sapphire substrate for one minute. Thus, a GaN 

30 buffer layer having a thickness of about 200A was 
grown on the sapphire substrate. 

Growth of First Clad Layer : 

35 After the buffer layer was formed, only the 
supply of TMG was stopped, and the substrate was 
heated to 1,03Q*C. While the substrate tempera- 
ture was kept at 1,030 *C, the flow rate of TMG 
was switched to 54 x 10~ e mol/min, silane gas 

40 (SihU) as an n-type impurity was added at a flow 
rate of 2 x 10~ 9 mol/min, and each material gas 
was supplied for 60 minutes. Thus, an n-type GaN 
layer, doped with Si at a concentration of 1 x 
lO^/cm 3 , having a thickness of 4 um was grown 

45 on the GaN buffer layer. 

Growth of Light-Emitting Layer : 

■ After the first clad layer was formed, the sub- 
50 strate was cooled down to 800 # C while flowing 
only the carrier gas. While the substrate tempera- 
ture was kept at 800 *C, the carrier gas was 
switched to nitrogen at a flow rate of 2 Umin, and 
TMG as a gallium source, trimethylindium (TMI) as 
55 an indium source, ammonia as a nitrogen source, 
and diethylcadmium as a p-type impurity source 
were supplied at flow rates of 2 x 10~ 6 mol/min f 1 
x 10~ 5 mol/min, 4 Umin, and 2 x 10~ 6 mol/min, 



lno.14Gaa.sfiN layer, doped with Cd at a concentra- 
tion of 1 x lO^/cm 3 , having a thickness of 200A 
was grown on the first clad layer. 

Growth of Second Clad Layer : 

After the light-emitting layer was formed, the 
substrate was heated to 1,020'C while flowing only 
the carrier gas nitrogen. While the substrate tem- 
perature was kept at 1 ,020 * C, the carrier gas was 
switched to hydrogen, a gallium source, TMG, a 
nitrogen source, ammonia, a p-type impurity 
source, cyclopentadienylmagnesium (CpzMg), were 
supplied at flow rates of 54 x 10~ & mol/min, 4 
L/min, 3.6 x 10~ s mol/min, respectively, for 15 
minutes- Thus, a p-type GaN layer, doped with Mg 
at a concentration of 1 x ICWcm 3 , having a thick- 
ness of 0.8 urn was grown on the fight-emitting 
5 yen 

Conversion into Low-Resistivity Layer : 

After the second clad layer was grown, the 
wafer was taken out of the reaction vessel The 
wafer was annealed under nitrogen at a tempera- 
ture of 700* C or. more for 20 minutes. Thus, the 
second clad layer and the light-emitting layer were 
converted into low-resistivity layers. 

Fabrication of LED : 

The second clad layer and the light-emitting 
layer of the wafer obtained above were partially 
etched away to expose the first clad layer. An 
ohmic n-electrode was formed on the exposed 
surface while an ohmic p-electrode was formed on 
e second clad layer. The wafer was cut into chips 
ich having a size of 500 um 2 , and a blue light- 
emitting diode was fabricated by a conventional 
method. 

The blue light-emitting diode exhibited an out- 
put power of 300 uW at 20 mA, and its emission 
peak wavelength was 480 nm. The luminance of 
the light-emitting diode measured by a commer- 
cially available luminance meter was 50 or more 
times that of a light-emitting diode of Example 5 to 
be described later. 

Example 2 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 1 ex- 
cept that, in the growth process of a buffer layer, 
trimethy (aluminum (TMA) was used, instead of 
TMG, to form an AIN buffer layer on a sapphire 
substrate at a substrate temperature of 600 'C. 



put power of 80 uW at 20 mA, and its emission 
peak wavelength was 480 nm. The luminance of 
the light-emitting diode was about 20 times that of 
s a light-emitting diode of Example 5 to be described 
later. • - 

Example 3 

id Cleaning of a substrate and the growth of a 
buffer layer were performed following the same 
procedures as in Example 1 . 

After the buffer layer was formed, only the 
TMG flow was stopped, and the substrate was 

75 heated to 1,030 •C. While the substrate tempera- 
ture was kept at 1,030 'C, and the flow rate of 
ammonia was not changed, the flow rate of TMG 
was switched to 54 x 10~ 6 mol/min. and an alu- 
minum source, TMA, and a p-type impurity source, 

20 silane gas (SiH+), were added at flow rates of 6 x 
10~ B mol/min and 2 x 1G~ 3 mol/min, respectively, 
and each gas was supplied for 30 minutes. Thus, 
an n-type Gao.9Alo.1N layer (first clad layer), doped 
with Si at a concentration of 1 x lO^/cm 3 , having a 

25 thickness of 2 urn was grown on the GaN buffer 
layer. 

A light-emitting layer was subsequently grown 
following the same procedures as in Example 1, to 
form a Cd-doped, n-type Ino.14Gao.86N layer having 

30 a thickness of 200A. 

After the light-emitting layer was formed, sup- 
ply of all the raw material gases was stopped, and 
the substrate was heated to 1,020 - C. While the 
substrate temperature was kept at 1,020 'C, and 

35 the flow rate of the carrier gas was not changed, a 
gallium source, TMG, an aluminum source, TMA, a 
nitrogen source, ammonia, and a p-type impurity 
source, Cp 2 Mg, were supplied at flow rates of 54 x 
10~ 5 mol/min, 6 x 10~ 6 mol/min, 4 L/min, and 3.6 

40 x 10*" 6 mol/min, respectively, for 15 minutes. Thus, 
a p-type Ga 0 . s Al 0.1 N layer (second clad layer), 
doped with Mg at a concentration of 1 x lO^/cm 3 , 
having a thickness of 0.8 Jim was grown on the 
light-emitting layer. 

45 The annealing treatment and fabrication of a 
diode from the wafer were performed following the 
same procedures as in Example 1, to prepare a 
blue light-emitting diode. 

The blue light-emitting diode obtained above 

50 exhibited the same output power, the same emis- 
sion wavelength, and the same luminance as in the 
diode of Example 1 . 

Example 4 

55 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 1 ex- 
cept that, in the growth process of a light-emitting 



lno.14Gao.86N light-emitting layer. 

The blue light-emitting layer obtained above 
exhibited the same output power, the same emis- 
sion wavelength, and the same luminance as in the 
diode of Example 1 . 

Example 5 

A homojunction QaN light-emitting diode was 
prepared following the same procedures as in Ex- 
ample 1 except that no light-emitting InGaN layer 
was grown. 

The light-emitting diode exhibited an output 
power of 50 uW at 20 mA. The emission peak 
wavelength was 430 nm, and the luminance was 2 
milicandela (mcd). 

Example 6 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 1 ex- 
cept that, in the growth process of a light-emitting 
layer, silane gas at a flow rate of 2 x 1CT 9 mol/min 
was used, instead of dimethylcadmium, to form n- 
type lno.14Gao.8eN light-emitting layer doped with Si 
at a concentration of 1 x 10 20 /cm 3 . 

The light-emitting diode exhibited an output 
power output of 120 uW at 20 mA. The emission 
peak wavelength was 400 nm, and the luminance 
was about 1/50 that of the diode in Example 1. The 
low luminance was due to the short wavelength of 
the emission peak to lower the luminosity. 

Example 7 

Cleaning of a substrate, the growth of a buffer 
layer, and the growth of a first clad layer (Si-doped, 
n-type GaN layer) were performed following the 
same procedures as in Example 1. 

After the first clad layer was formed, a light- 
emitting layer was grown as in Example 1 except 
that diethylzinc (DE2) at a flow rate of 1 x 10" e 
mol/min was used, instead of diethylcadmium, to 
form an n-type ln 0 .isGa 0 .85N layer (light-emitting 
layer), doped with Zn at a concentration of 1 x 
10 19 /cm 3 , having a thickness of 200A on the first 
clad layer. 

A second clad layer was subsequently grown 
following the same procedures as in Example 1, to 
form an Mg-doped, p-type GaN layer having a 
thickness of 0.8 tim. The annealing treatment and 
fabrication of a diode from the wafer were per- 
formed following the same procedures as in Exam- 
ple 1, to prepare a blue light-emitting diode. 

The light-emitting device exhibited an output 
power of 300 uW at 20 mA. The emission peak 
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Example 8 

5 • 

Cleaning of a substrate and the growth of a 
buffer layer were performed following the same 
procedures as in Example 1 . 

A first clad layer was grown following the same 
10 procedures as in- Example 3, to form an Si-doped, 
n-type Gao.9AI0.1N layer having a thickness of 2 
urn. 

After the first clad layer was formed, a light- 
emitting layer was grown as in Example 7, to form 
75 an n-type Ino.15Gao.e5N layer, doped with Zn at a 
concentration of 1 x 10 19 /cm 3 , having a thickness 
of200A. . 

After the light-emitting layer was formed, a 
second clad layer was grown as in Example 3, to 

20 form a p-type Gao.9Alo.1N layer, doped with Mg at 
a concentration of 1 x lO^/cm 3 . having a thickness 
of 0.8 um on the light-emitting layer. 

The annealing treatment of the second clad 
layer and fabrication of a diode from the wafer 

25 were performed following the same procedures as 
in Example 1, to prepare a blud light-emitting di- 
ode. 

The blue light-emitting diode obtained above 
exhibited the same output power, the same emis- 
30 sion peak wavelength, and the same luminance as 
in the diode of Example 7. 

Example 9 

35 A blue light-emitting diode was prepared fol- 

lowing the same procedures as in Example 7 ex- 
cept that, in the growth process of a light-emitting 
layer, the flow rate of DEZ was increased, to form 
an lno.15Gao.85N light-emitting layer doped with zinc 

40 at a concentration of 1 x lO^/cm 3 . 

The blue light-emitting diode thus obtained ex- 
hibited an output power of about 40% of that of the 
diode of Example 7. 

45 Example 10 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 7 ex- 
cept that, in the growth process of a second clad 
50 layer, the flow rate of Cp2Mg was decreased, to 
form a p-type GaN layer (second clad layer) doped 
with Mg at a concentration of V x 10 17 /cm 3 . 

The light-emitting diode exhibited an output 
power of about 10% of that of the diode of Exam- 
55 pie 7. 



Cleaning of a substrate, the growth of a buffer 
and the growth of a first clad layer (Si-doped, 
>e GaN layer) were performed following the $ 
a procedures as in Example 1 . 
Mter the first clad layer was formed, a light- 
ting layer was grown as in Example 1 except 
diethylzinc was used, instead of 
tycadimium, to form a Zn-doped, n-type to 
jGao.BsN layer having a thickness of 100 A on 
first ciad layer. The electron carrier concentra- 
of the n-type lno.15Gao.s5N layer was 1 x 
/cm 3 . 

A second clad layer was grown following the 75 
e procedures as in Example 1, to form an Mg- 
sd, p-type GaN layer. The annealing treatment 

fabrication of a diode from the wafer were 
ormed as in Example 1, to prepare a light 
King diode. 20 
The light-emitting diode exhibited an output 
er of 400 u,W at 20 mA. The emission peak 
elength was 490 nm, and the luminance was 

mcd. 

25 

mple 12 

A blue light-emitting diode, was prepared fol- 
ng the same procedures as in Example 11 
ept that, in the growth process of a light-emit- 30 
layer, the flow rate of DEZ gas was adjusted, 
orm an n-type lno.15Gao.s5N layer (light-emitting 
*r) having an electron carrier concentration of 4 
0 l7 /cm 3 . 

The light-emitting diode exhibited an output 35 
ver of 40 iiW at 20 mA. The emission peak 
/elength was 490 nm. 

imple 13 

40 

A blue light-emitting diode was prepared fat- 
ing the same procedures as in Example 11 
ept that, in the growth process of a light-emit- 
j layer, the flow rate of the DEZ gas was ad- 
ted, to form an n-type lno.15Gao.85N layer (light- 45 
itting layer) having an electron carrier concentra- 
i of 1 x 10 21 /cm 3 . 

The light-emitting diode exhibited an output 
Net of 40 U.W at 20 mA. The emission peak 
^elength was 490 nm. so 

ample 14 

A blue light-emitting diode was prepared fol- 
/ing the same procedures as in Example 11 55 
:ept that, in the growth process of a light-emit- . 
3 layer, the flow rate of the DEZ gas was ad- 
ted, to form an n-type lno.15Gao.85N layer (light- , 



uun ui 1 x iu" /cm - , 

The light-emitting diode exhibited an output 
power of 4 uW at 20 mA. The emission peak 
wavelength was 490 nm. 

Example 15 

A blue light-emitting diode was prepared fof- 
. lowing the same procedures as in Example 1 1 
except that, in the growth process of a light-emit- 
ting layer, the flow rate of DEZ gas was adjusted, 
to form an n-type lno.15Gao.e5N layer having an 
electron carrier concentration of 5 x 1 CP/cm 3 . 

The light-emitting diode exhibited an output 
power, of 4 uW at 20 mA. The emission peak 
wavelength was 490 nm. 

Example 16 

A buffer layer and an n-type GaN layer were 
formed on a sapphire substrate following the same 
procedures as in Example 11. 

A high-resistivity, i-type GaN layer was grown 
by using TMG as a gallium source, ammonia as a 
nitrogen source, and DEZ as a p-type impurity 
source. The i-type GaN layer was partially etched 
away to expose the n-type GaN layer. An electrode 
was formed on the exposed surface, and another 
electrode was formed on the i-type GaN layer, 
thereby preparing a light-emitting diode of a MIS 
structure. 

The MIS structure diode exhibited a radiant 
power output of 1 uW at 20 mA and a luminance of 
1 mcd. 

Example 17 

. A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 1 1 
except that, in the growth process of a light-emit- 
ting layer, silane gas as an impurity source was 
added, to form an n-type lno.15Gao.95N light-emitting 
layer, doped with Zn and Si, having an electron 
carrier concentration of 1 x 10 l9 /cm 3 . 

The light-emitting diode exhibited an output 
power of 600 uW at 20 mA. The emission peak 
wavelength was 490 nm, and the luminance was 
800 mcd. 

Example 18 

Cleaning of a substrate, the growth of a buffer 
layer, and the growth of a first clad layer (Si-doped 
GaN layer) were performed following the same 
procedures as in Example 1 . 

After the first clad layer was formed, a light- 
emitting layer was grown as in Example 1 except 



cadmium, to rorm an n-type inoj^aaaoN layer, 
doped with Si and Zn, having a thickness of 100A 
on the first clad layer. The light-emitting layer had 
an electron carrier concentration of 1 x I0 t8 /cm 3 . 

A second clad layer was grown following the 
same procedures as in Example 7, to form an Mg- 
doped (concentration of 2 x 1 CP/cm 3 ), p-type GaN 
layer. 

The annealing treatment and fabrication of an 
LED from the wafer were performed following the 
same procedures as in Example 1. 

The blue light-emitting diode exhibited an out- 
put power of 580 uW at 20 mA. The luminance 
was 780 mcd, and the emission peak wavelength 
was 490 nm. 

Example 19 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 18 
except that, in the growth of a light-emitting layer, 
the flow rates of the silane gas and the DEZ gas 
were adjusted, to form an n-type lno.14Gao.aeN light- 
emitting layer, doped with Si and Zn, having an 
electron carrier concentration of 1 x lO^/cm 3 . 

The blue light-emitting diode exhibited an out- 
put power of 590 liW at 20 mA. The luminance 
was 790 mcd/ and the emission peak wavelength 
was 490 nm. 

Example 20 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 18 
except that, in the growth process of a light-emit- 
ting layer, the flow rates of the silane gas and the 
DEZ gas were adjusted, to form an n-type 
lno.14Gao.BeN light-emitting layer, doped with Si and 
Zn, having an electron carrier concentration of 4 x 
10 l7 /cm 3 . 

The blue light-emitting diode exhibited a ra- 
diant power output of 60 uW at 20 mA; The lu- 
minance was 80 mcd, and the emission peak 
wavelength was 490 nm. . 

Example 21 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 18 
except that, in the growth process of a light-emit- 
ting layer, the flow rates of the silane gas and the 
DEZ gas were adjusted, to form an n-type 
lno.i4Ga 0 . 86 N light-emitting layer, doped with Si and 
Zn, having an electron carrier concentration of 5 x 
10 2 Vcm 3 . 

The blue light-emitting diode exhibited an out- 
put power of 6 uW at 20 mA. The luminance was 



490 nm. 
Example 22 

A green light-emitting diode was prepared fol- 
lowing the same procedures as in Example 18 
except that, in the growth process of a light-emit- 
ting layer, the flow rate of TMI was adjusted, to 
70 form an Si- and Zn-doped lno.25Gao.75N light-emit- 
ting layer. 

The green light-emitting layer exhibited an out- 
put power of 500 uW at 20 mA. The luminance 
was 1,000 mcd, and the emission peak wavelength 
75 was 51 0 nm. 

Example 23 

A buffer layer and an n-type GaN layer were 
20 formed on a sapphire substrate following the same 
procedures as in Example 1 1 . 

Using TMG as a gallium source, ammonia as a 
nitrogen source, and silane and DEZ as impurity 
sources, an i-type GaN layer doped with Si and Zn 
25 was formed. The i-type GaN layer was partially 
etched away to expose the n-type GaN layer. An 
electrode was formed on the exposed surface, and 
another electrode was formed on the i-type GaN 
layer, thereby preparing a light-emitting diode of a 
30 MIS structure. 

The MIS structure diode exhibited an output 
power of 1 uW at 20 mA, and a luminance of 1 
mcd. 

35 Example 24 

Cleaning of a substrate, the growth of a buffer 
layer, and the growth of a first clad layer (Si-doped, 
n-type GaN layer) were performed following the 

40 same procedures as in Example 1 . 

After the first clad layer was formed, a light- 
emitting layer was grown as in Example 1 except 
that an n-type impurity source, silane, was used, 
instead of diethylcadmium, at an adjusted flow rate, 

45 and growth was conducted for 5 minutes, to form 
an n-type ln 0 . 15 Ga 0 .e5N light-emitting layer, doped 
with Si at a concentration of 1 x 10 20 /cm 3 , having a 
thickness of 100A on the first clad layer. 

Then, a second clad layer was grown as in 

50 Example 1 except that the flow rate of Cp2Mg was 
adjusted, to form a p-type GaN layer (second clad 
layer) doped with Mg at a concentration of 1 x 
10 18 /cm 3 . The annealing treatment and fabrication 
of a diode from the wafer were performed as in 

55 Example 1 , to prepare a blue light-emitting diode. 

The light-emitting diode exhibited an output 
power of 300 uW at 20 mA. The emission peak 
wavelength was 405 nm. 



mple 25 

A blue light-emitting diode was prepared fql- 
ng the same procedures as in Example 24 
ept that, in the growth process of a first clad 
jr, an Si-doped, n-type Gao.9Alo.1N layer (first 
j layer) having a thickness of 2 fm was formed 
Dwing the same procedures as in Example 3, 
in the growth process of a second clad layer, a 
tpe Gao.9Ato.1N layer (second clad layer), dop- 
with Mg at a concentration of 1 x 10 18 /cm 3 , 
ing a thickness of 0.8 urn was formed following 
same procedures as in Example 3. 
The light-emitting diode exhibited the same 
put power and the same emission peak 
/elength as in the light-emitting diode of Exam- 
24. 

ample 26 

A blue light-emitting diode was prepared fol- 
ing the same procedures as in Example 24 
:ept that, in the growth process of a light-emit- 
j layer, the flow rate of silane gas was in- 
ased, to form an n-type lno.15Gao.85N layer dop- 
with Si at a concentration of 1 x lO^/cm 3 , 

The output of the light-emitting diode was 
:>ut 40% of that of the diode of Example 24. 

ample 27 

A blue light-emitting diode was prepared fol- 
ding the same procedures as in Example 24 
:ept that, in the growth process of a second clad 
er, the flow rate of Cp2Mg was decreased, to 
m a p-type GaN layer doped with Mg at a 
icentration of 1 x 10 ,7 /cm 3 . 

. The output of the light-emitting diode was 
Dut 20% of that of the diode of Example 24. 

ample 28 

Cleaning of a substrate and the growth of a 
Pfer layer were performed following the same 
)cedures as in Example 1. 

After the buffer layer was formed, only the 
1G flow was stopped, and the substrate was 
ated to 1 ,030 • C. While the substrate tempera- 
e was kept at 1,030*0, and the flow rate of 
irnonia was not changed, the flow rate of TMG 
s switched to 54 x 10~ 6 mol/min, an n-type 
purity source, silane, was added at a flow rate of 
x 10~ 3 mol/min, and the growth was conducted 

60 minutes. Thus, n-type GaN layer (n-type 
ntact layer), doped with Si at a concentration of 1 

lO^/cm 3 , having a thickness of 4 urn was 
med on the GaN buffer layer. 



Then, ah aluminum source, TMA, at an ad- 
justed flow rate was added, and the growth was 
conducted in a similar manner to that in Example 
3, to form an Si-doped n-type Gao.sAlo^N layer 
5 (first clad layer) having a thickness of 0.15 um on 
the n-type contact layer, 

Next, a light-emitting layer was grown in the 
same procedures as in Example 17, to form an n- 
type lno.14Gao.8eN light-emitting layer, doped with Si 
70 and Zn, having an electron carrier concentration of 
1 x 10 19 /cm 3 on the first clad layer. 

Subsequently, a second clad layer was grown 
for 2 minutes in a similar manner to that Example 
3, to form an Mg-doped Gao.sAl0.2N layer having a 
75 thickness of 0.15 um on the light-emitting layer. 

Then, only the aluminum source flow was stop- 
ped, and the growth was conducted for 7 minutes, 
to form an Mg-doped GaN layer (p-type contact 
layer) having a thickness of 0.3 urn on the second 
20 clad layer. 

The annealing treatment was conducted as in 
Example 1, to convert the light-emitting layer, the 
second clad layer and the p-type contact layer into 
low-resistivity layers. 
25 From the wafer, a light-emitting diode having a 
structure of FIG. 11 was fabricated. 

This diode exhibited an output power of 700 
U.W and a luminance of 1,400 mcd. The emission 
peak wavelength was 490 nm. The forward voltage 
30 was 3.3V at 20 mA. This forward voltage was about 
. 4V lower than that of the diode of Example 3, 8 or 
• 25. This lower forward voltage is due to the better 
ohmic contact between the GaN contact layers and 
the electrodes. 

35 

Claims 

1. A light-emitting gallium nitride-based com- 
pound semiconductor device having a double- 

40 heterostructure comprising: 

a light-emitting layer having first and sec- 
ond major surfaces and formed of a low-re- 
sistivity InxGa^xN, where 0 < x < 1, com- 
pound semiconductor doped with an impurity; 

45 a first clad layer joined to said first major 

surface of said light-emitting layer and formed 
of an n-type gallium nitride-based compound 
semiconductor having a composition different 
from that of said compound semiconductor of 

so said light-emitting layer; and 

a second clad layer joined to said second 
major surface of said light-emitting layer and 
formed of a low-resistivity, p-type gallium 
nitride-based compound semiconductor having 

55 a composition different from that of said com- 

pound semiconductor of said light-emitting lay- 
er. 



in that said compound semiconductor of said 
light-emitting layer is of p-type, doped with a 
p-type impurity. 

5 

3. The device according to claim 2, characterized 
in that said p-type impurity comprises a Group 
II element. 

4. The device according to claim 1, characterized 10 
in that said compound semiconductor of said 
light-emitting layer is of n-type, doped with at 
least a p-conductivity type impurity. 

5. The device according to claim 3, characterized 15 
in that said impurity doped in said compound 
semiconductor of said light-emitting layer com- 
prises a p-type impurity including a Group II 
element and an n-type impurity including a 

, Group IV or VI element. 20 

6. The device according to claim 1, characterized 
in that said compound semiconductor of said 
light-emitting layer is of n-type, doped with an 
n-type impurity. 25 

7. The device according to claim 6, characterized 
in that said n-type impurity comprises a Group , 
IV or VI element 

30 

8. The device according to claim 1, characterized 
in that said compound semiconductor of said 
first clad layer is represented by the formula: 
Ga y Ali- y N t where 0 £ y £ 1. 

35 

9. The device according to claim 1, characterized 
in that said compound semiconductor of said 

* second clad layer is represented by the for- 
mula: GaiAXi-^N, where 0 £ z £ 1. 

40 

10. The device according to claim 1, characterized 
in that said light-emitting layer has a thickness 
of 10A to 0.5 iitr\. 

11. The device according to claim 1, characterized 45 
in that said doubie-heterostructure has an n- 
type GaN contact layer joined to said first clad 
layer, and a p-type GaN contact layer joined to 
said second clad layer. 

so 

12. The device according to claim 1, characterized 
in that 0 $ x S 0.5. 

13. A light-emitting gallium nitride-based com- 
pound semiconductor device having a double- ss 
heterostructure comprising: 

a light-emitting iayer having first and sec- 
ond major surfaces and formed of a low-re- 



pound semiconductor doped with a p-type im- 
purity; 

a first clad layer joined to said first major 
surface of said light-emitting layer and formed 
of an n-type gallium nitride-based compound 
semiconductor having a composition different 
from that of said compound semiconductor of 
said light-emitting layer; and 

a second clad layer joined to said second 
major surface of said light-emitting layer and 
formed of . a low-resistivity, p-type gallium 
nitride-based compound semiconductor having 
a composition different from that of said com- 
pound semiconductor of said light-emitting lay- 
er, 

14. The device according to claim 13, character- 
ized in that said p-type impurity doped in said 
compound semiconductor of said light-emitting 
layer comprises at least one element selected 
from the group consisting of cadmium, 2inc, 
beryllium, magnesium, calcium, strontium, and 
barium. 

15. The device according to claim 13, character- 
ized in that said compound semiconductor of 
said first clad layer is represented by a for- 
mula: Ga y Ali- y N, where 0 S y £ 1. 

16. The device according to claim 13, character- 
ized in that said compound semiconductor of 
said second clad layer is represented by a 
formula: Ga 2 AI ^ 2 N, where 0 £ z £ 1. 

17. The device according to claim 13, character- 
ized in that said light-emitting layer has a 
thickness of 10A to. 0.5 urn, 

18. The device according to claim .13, character- 
ized in that said p-type impurity doped in said 
compound semiconductor of said light-emitting 
layer comprises zinc, and a concentration of 
the zinc is 1 x 10 17 to 1 x 10 2 Vcm 3 . 

19. The device according to claim 13, character- 
ized in that said p-type impurity doped in said 
compound semiconductor of said second clad 
layer comprises magnesium, and a concentra- 
tion of the magnesium is 1 x 10 18 to 1 x 
ICPVcm 3 . 

20. The device according to claim 13, character- 
ized in that said second clad layer has a 
thickness of 0.05 urn to 1.5 urn. 

21. The device according to claim 13, character- 
ized in that said doubie-heterostructure is pro- 



viaea on a suDsiraie tnrougn a ouner layer. 

The device according to claim 13, character- 
ized in that said double-heterostructure has an 
n-type GaN contact layer joined to said first 
clad layer, and a p-type GaN contact layer 
joined to said second clad layer. 

The device according to claim 13, character- 
ized in that 0 < x < 0.5 

A light-emitting gallium nitride-based com- 
pound semiconductor device having a double- 
heterostructure comprising: 

a light-emitting layer having first and sec- 
ond major surfaces and formed of a low-re- 
sistivity, n-type ln^Gat-xN, where 0 < x < 1, 
compound semiconductor doped with at least 
a p-type impurity; 

a first clad layer joined to said first major 
surface of said light-emitting layer and formed 
of an n-type gallium nitride-based compound 
semiconductor having a composition different 
from that of said compound semiconductor of 
said light-emitting layer; and 

a second clad layer joined to said second 
major surface and formed of a low-resistivity, 
p-type gallium nitride-based compound semi- 
conductor having a composition different from 
that of said compound semiconductor of said 
light-emitting layer. 

>. The device according to claim 24, character- 
ized in that said compound semiconductor of 
said light-emitting layer has an electron carrier 
concentration of 1 x 10 17 to 5 x lO^/cm 3 . 

. The device according to claim 24, character- 
ized in that said compound semiconductor of 
said fight-emitting layer is doped with not only 
said p-type impurity but also an n-type impu- 
rity. 

7. The device according to claim 24, character- 
ized in that said p-type impurity doped in said 
compound semiconductor of said light-emitting 
layer comprises at least one element selected 
from the group consisting of cadmium, zinc, 
beryllium, magnesium, calcium, strontium, and 
barium. 

8, The device according to claim 26, character- 
ized in that said n-type impurity doped in said 
compound semiconductor of said light-emitting 
layer comprises at least one element selected 
from the group consisting of silicon, germa- 
nium, and tin. 



zy. I he device according to claim 24, character- 
ized in that said compound semiconductor of 
said first clad layer is represented by a for- 
mula: GayAlt-yN, where 0 £ y 2 1. 

5 

30. The device according to claim 24, character- 
ized in that said compound semiconductor of 
said second clad layer is represented by a 
formula: Ga 2 Ali- 2 N, where 0 5 z £ 1. 

w 

31- The device according to claim 26, character- 
ized in that said p-type impurity doped in said 
compound semiconductor of said light-emitting 
layer comprises zinc, and said n-type impurity 
75 comprises silicon. 

32. The device according to claim 24, character- 
ized in that said double-heterostructure is pro- 
vided on a substrate through a buffer layer. 

20 

.33. The device according to claim 24, character- 
ized in that said double-heterostructure has an 
n-type GaN contact layer joined to said first 
clad layer, and a p-type GaN contact layer 
25 joined to said second clad layer. 

34. The device according to claim 24, character- 
ized in that 0 < x < 0.5. 

qo 35. A light-emitting gallium nitride-based com- 
pound semiconductor device having a double- 
. heterostructure comprising: 

a light-emitting layer having first and sec- 
ond major surfaces and formed of a low-re- 
35 sistivity, n-type I^Ga^N, where 0 < x < 1, 

compound semiconductor doped with an n- 
type impurity; 

a first clad layer joined to said first major 
surface of said light-emitting layer and formed 
40 of an n-type gallium nitride-based compound 

semiconductor having a composition different 
from that of said compound semiconductor of 
said light-emitting layer; and 

a second clad layer joined to said second 
45 major surface of said light-emitting layer and 

formed of a low-resistivity, p-type gallium 
nitride-based compound semiconductor having 
a composition different from that of said com- 
pound semiconductor of said light-emitting lay- 
so er. 

36. The device according to claim 35, character- 
ized in that said n-type impurity doped in said 
compound semiconductor of said light-emitting 

55 layer comprises silicon or germanium. 

37. The device according to claim 35, character- 
ized in that said n-type impurity doped in said 



the silicon is 1 x 10 17 to 1 x IC^Vcm 3 . 

38. The device according to claim 35, character- s 
ized in that said compound semiconductor of 
said first clad layer is represented by a for- 
mula: GayAJ^-yN, where 0 £ y £ 1. 

39. The device according, to claim 35, character- 10 
ized in that said compound semiconductor of 

said second clad layer is represented by a 
formula: Ga 2 Al,-. 2 N, where 0 £ z Z 1. 

.40. The device according to claim 35, character- 75 
ized in that said light-emitting . layer has a 
< thickness of 10A to 0.5 urn. 

41. The device according to claim 35, character- 
ized in that said compound semiconductor of 20 

, said second clad layer is doped with a p-type 
impurity comprising magnesium, and a con- 
centration of the magnesium is 1 x 10 18 to 1 x 
1Q 2 Vcm 3 . 

25 

42. The device according to claim 35, character- 
ized in that said second clad layer has a 
thickness of 0.05 to 1 .5 urn. 

43. A device according to claim 35, characterized 30 
in that said double-heterostructure is provided 

on a substrate through a buffer layer. 

44. The device according to claim 35, character- 
ized in that said double-heterostructure has an 35 
n-type GaN contact layer joined to said first 
clad layer, and a p-type GaN contact layer 
joined to said second ciad layer. 

45. The device according to claim 35, character- 40 
ized in that 0 < x < 0.5. 
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